The delta opioid receptor (DOPr) is known to be mainly expressed in intracellular compartments. It remains unknown why DOPr is barely exported to the cell surface, but it seems that a substantial proportion of the immature receptor is trapped within the endoplasmic reticulum (ER) and the Golgi network. In the present study, we performed LC-MS/MS analysis to identify putative protein partners involved in the retention of DOPr. Analysis of the proteins co-immunoprecipitating with Flag-DOPr in transfected HEK293 cells revealed the presence of numerous subunits of the coatomer protein complex I (COPI), a vesicle-coating complex involved in recycling resident proteins from the Golgi back to the ER. Further analysis of the amino acid sequence of DOPr identified multiple consensus di-lysine and di-arginine motifs within the intracellular segments of DOPr. Using cell-surface ELISA and GST pulldown assays, we showed that DOPr interacts with COPI through its intracellular loops 2 and 3 (ICL2 and ICL3, respectively) and that the mutation of the K 
Introduction
The delta opioid receptor (DOPr) belongs to the Rhodopsin-like family of seven-transmembrane domain, G protein-coupled receptors (GPCRs) (Gendron et al., 2016) . As opposed to most GPCRs belonging to this family, under normal conditions, DOPr is barely expressed at the cell surface (Cahill et al., 2001a) . Indeed, in numerous cell types (in vitro) and tissues (in vivo), DOPr has been shown to be mainly expressed inside the cells in association with intracellular compartments and organelles (Petaja-Repo et al., 2000; Cahill et al., 2001a; Gendron et al., 2006) . The mechanisms responsible for the intracellular retention of DOPr remain to be determined.
Transport of GPCRs to the cell surface requires quality-control steps and post-translational modifications within the endoplasmic reticulum (ER) and the Golgi. Most GPCRs display an efficient transit from the ER through the Golgi, leading to the delivery of a large proportion of the newly synthesized receptors to the plasma membrane. In contrast, only a fraction of newly synthesized DOPr is able to leave the ER and reach the plasma membrane. This is thought to be due, at least in part, to the misfolding of the receptors (Petaja-Repo et al., 2000 , 2002 and sorting to the degradation pathway (Petaja-Repo et al., 2001) . The proper folding and maturation of receptors within the ER represent the ratelimiting steps for the export to the cell surface and is dependent upon several post-translational modifications and interactions with molecular chaperones (Petaja-Repo et al., 2000; Markkanen and Petaja-Repo, 2008) . Within the ER, DOPr has been shown to form a complex with two resident proteins, the calcium pump SERCA2b and the molecular chaperone calnexin (Tuusa et al., 2010) . This complex represents an important step for the folding and the maturation of DOPr (Helenius and Aebi, 2004; Leskela et al., 2007 Leskela et al., , 2009 Markkanen and Petaja-Repo, 2008) . Another essential step for the ER export and trafficking of DOPr to the cell surface is its palmitoylation (Petaja-Repo et al., 2006) . Interestingly, folding and maturation of DOPr have been shown to be promoted by pharmacological chaperones (Petaja-Repo et al., 2002) . It is unknown why ligands act as receptor chaperones, but it is speculated that their binding assists in proper folding of DOPr and thus in its continued maturation and export (Petaja-Repo et al., 2002; Leskela et al., 2007) . Similarly, in vivo, the density of DOPr expressed at the cell surface of neurons in the dorsal root ganglia, spinal cord, and some brain regions can be increased under various conditions (Cahill et al., 2001a Bao et al., 2003; Morinville et al., 2003 Morinville et al., , 2004 Lucido et al., 2005; Patwardhan et al., 2005 Patwardhan et al., , 2006 Gendron et al., 2006) . More specifically, we and others have shown that morphine treatment and inflammatory pain can increase the density of DOPr at the cell surface (Cahill et al., 2001b Morinville et al., 2003; Lucido et al., 2005; Gendron et al., 2006) . However, the molecular mechanisms involved in this process remain poorly described.
In the present study, we sought to identify novel DOPr interacting partners potentially involved in controlling the maturation and trafficking of DOPr. LC-MS/MS analysis of proteins co-immunoprecipitating with DOPr revealed the presence of numerous subunits of the coatomer protein complex I (COPI), a vesicle-coating complex involved in the recycling of ER-resident proteins from the Golgi back to the ER. The role of a potential interaction between DOPr and COPI in the intracellular retention of DOPr was therefore investigated.
Methods

Reagents
Oligonucleotides and DsiRNAs were purchased from Integrated DNA Technologies (Coralville, IA, USA). The rat delta opioid receptor (DOPr) VersaClone cDNA (RDC0418) was purchased from R&D Systems (Minneapolis, MN, USA) and β-COP cDNA from GE Dharmacon (clone ID: 4831366) (Lafayette, CO, USA). The M2 monoclonal anti-Flag (antiFlagM2) antibody (uncoupled or immobilized on magnetic beads) and the rabbit polyclonal anti-Flag antibody, the alkaline phosphatase-conjugated goat anti-mouse antibody, and the alkaline phosphatase substrate kit were purchased from Sigma-Aldrich (St-Louis, MO, USA). The anti-GM130 antibody was purchased from BD Biosciences (Mississauga, ON, Canada), the anti-PDI antibody from Enzo Life Sciences (Brockville, ON, Canada), the anti-β-COP antibody from Thermo Scientific (Waltham, MA, USA), the anti-Myc-peroxidase high-affinity polyclonal antibody from Abcam (Cambridge, UK), the anti-HAperoxydase high-affinity rat monoclonal antibody from Roche Applied Sciences (Laval, QC, Canada), the anti-GAPDH from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA) and the anti-GST polyclonal antibody from Bethyl Laboratories, Inc. (Montgomery, TX, USA). The protein G-agarose beads were purchased from Santa Cruz Biotechnology, Inc. Alexa Fluor 633 goat anti-rabbit, Alexa Fluor 488 goat anti-mouse, Alexa Fluor 488 goat anti-rabbit, Alexa Fluor 546 goat anti-mouse, and ProLong Gold antifade reagent were purchased from Invitrogen (Waltham, MA, USA).
Plasmid constructs
The cDNA fragment coding for the second intracellular loop (ICL2; amino acid residues 145-168), the ICL3 (amino acid residues 239-261) and the carboxy-terminal (C-term) tail of rat DOPr (amino acids residues 322-372) were generated by PCR using the high fidelity DNA polymerase (New England BioLabs Inc., Ipswich, MA, USA). The PCR fragments were digested with BamHI and XhoI (New England BioLabs) and introduced into the vector pGEX-4T-1 (GE Healthcare, Little Chalfont, UK). The ICL1 (amino acid residues 76-85) fragment of DOPr was generated by annealing two pairs of complementary oligonucleotides. Equal quantities of oligonucleotides were mixed and denatured by boiling for 5 min. The mix was then incubated at room temperature for 30 min to allow hybridization and ligated into the pGEX-4T-1 vector digested with BamHI and XhoI. The Flag epitope (DYKDDDDK) was introduced between the first and second amino acids of DOPr by PCR using the Phusion high fidelity DNA polymerase. The PCR product was digested using BamHI and EcoRI. DOPr cDNA was then cloned into the vector pcDNA3. All site-directed mutagenesis were performed by PCR using the Phusion high-fidelity DNA polymerase. A Myc tag was introduced at the end of the C-term tail of the human β-COP by PCR elongation using the Phusion high fidelity DNA polymerase. β-COP-Myc was then inserted into the expression vector pcDNA3 at the XhoI and ApaI sites. β′-COP was cloned from a human cDNA library and a hemagglutinin (HA) tag was introduced at the end of its C-term tail by PCR elongation using the Phusion high fidelity DNA polymerase. β′-COP-HA was then inserted into the expression vector pcDNA3 at the BamHI and EcoRI sites. All constructs were sequenced at Génome Québec (McGill University, QC, Canada). All sequences are shown in Table 1 .
Cell culture and transfections
HEK293 (human embryonic kidney 293) cells were maintained in DMEM (Invitrogen) supplemented with 10% fetal bovine serum at 37°C in a humidified atmosphere containing 5% CO 2 . Transient transfection of HEK293 cells grown to 50-70% confluence was performed using TransIT-LT1 (Mirus Bio LLC) or Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Transfections were routinely performed at 48 h (for the receptors and β-COP) or 72 h (for DsiRNAs) prior to the experiment.
LC-MS/MS analysis
HEK293 cells were transiently transfected with pcDNA3 or pcDNA3-Flag-DOPr using TransIT-LT1 and were maintained as described above for 48 h. The cells (three 100-mm Petri dishes per condition) were then washed with ice-cold PBS and harvested in 750 μl of ice-cold lysis buffer (Tris 5 mM, EDTA 2 mM, pH 7.4) supplemented with protease inhibitors (9 nM pepstatin, 9 nM antipain, 10 nM leupeptin, and 10 nM chymostatin; Sigma-Aldrich) and mechanically lysed with a Potter/Dounce homogenizer. The cellular debris were removed by centrifugation at 1000g for 20 min at 4°C. The supernatant was further centrifuged at 30,600g for 20 min at 4°C. The pellet containing cell membranes was then solubilized for 30 min with 500 μl of solubilization Table 1 Primary amino acid sequences used in the GST pulldown assays.
buffer (1% octylglucoside, 75 mM Tris-base, 2 mM EDTA, 5 mM MgCl 2 , pH 8.0) supplemented with protease inhibitors. The solubilized membranes were incubated overnight at 4°C with 75 μl of the M2 anti-Flag antibody immobilized on magnetic beads. The beads were then washed 4 times for 5 min with 300 μl of solubilization buffer without protease inhibitors and then 4 times with 300 μl of ammonium bicarbonate buffer (20 mM ammonium bicarbonate pH 8.0). The beads were kept in bicarbonate buffer until processing for LC-MS/MS analysis.
After the final wash step, 10 mM DTT in 20 mM ammonium bicarbonate was added to the beads, mixed and incubated at 60°C for 30 min. After cooling, an equal volume of 15 mM iodoacetamide in 20 mM ammonium bicarbonate was added to the DTT/beads suspension, mixed and incubated in the dark for 1 h. Then, 1 M DTT was added to increase the concentration to 15 mM to quench the iodoacetamide. Trypsin was then added to the beads and incubated at 37°C for at least 5 h, up to overnight. The digestion was then stopped by acidifying the samples with a final concentration of 1% formic acid. The supernatant was then harvested and transferred to clean, Eppendorf® Protein LoBind tubes. Beads were resuspended in 60% acetonitrile 0.1% formic acid at room temperature for 5 min, and the supernatants were pooled. Samples were then dried in a speed vac and resuspended in 20 μl sample buffer (0.1% TFA) to desalt on a ZipTip.
The sample was then separated by HPLC (Ultimate 3000 Binary RSLCnano: Thermo Scientific) and injected into a mass spectrometer (Q Exactive™ Hybrid Quadrupole-Orbitrap™: Thermo Scientific) using the proteomic platform at the Université de Sherbrooke (QC, Canada).
Immunoprecipitation
HEK293 cells were transiently transfected with the indicated cDNA constructs using TransIT-LT1 and cultured as described above for 48 h. The cells were then washed with ice-cold PBS and harvested in 200 μl of lysis buffer (150 mM NaCl, 50 mM Tris pH 8.0, 0.5% deoxycholate, 0.1% SDS, 10 mM Na 4 P 2 O 7 , 1% IGEPAL, and 5 mM EDTA) supplemented with protease inhibitors (9 nM pepstatin, 9 nM antipain, 10 nM leupeptin, and 10 nM chymostatin). After 45 min of incubation in the lysis buffer, the lysates were centrifuged for 20 min at 14,000g at 4°C. Proteins were immunoprecipitated overnight using 1 μg of antibodies before adding 30 μl of 50% slurry of protein G-agarose beads to the lysates. After 1 h of incubation, the samples were centrifuged for 1 min in a microcentrifuge and washed three times with 1 ml of lysis buffer. Immunoprecipitated proteins were eluted by the addition of 40 μl of SDS sample buffer, followed by incubation for 60 min at room temperature. Initial lysates and immunoprecipitated proteins were resolved by SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with specific antibodies.
Recombinant protein production and pulldown analysis
To produce GST-tagged proteins, PCR fragments corresponding to the intracellular loops of DOPr were inserted in the pGEX-4T-1 vector (GE Healthcare), and the fusion proteins were produced in C41 (DE3) E. coli as per the manufacturer's instructions. Glutathione-Sepharose 4B (GE Healthcare) was used for protein purification, and the purified recombinant proteins were analyzed by SDS-PAGE followed by Coomassie brilliant blue R-250 staining. Next, 5 μg of each glutathione-Sepharose-bound GST-tagged fusion protein was incubated with HEK293 cell lysate obtained from a confluent 100-mm Petri dish with 750 μl of binding buffer (10 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% IGEPAL, 2 mM DTT, pH 7.4) supplemented with protease inhibitors (9 nM pepstatin, 9 nM antipain, 10 nM leupeptin, and 10 nM chymostatin). The immunoprecipitates were then washed five times with the binding buffer. SDS sample buffer was added to each sample and boiled for 5 min. Proteins were resolved by SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with specific antibodies as indicated. When indicated, densitometry analysis was performed using NIH ImageJ 1.50i.
Immunofluorescence staining and confocal microscopy
For colocalization experiments, HEK293 cells were plated in 6-well plates at a density of 1.5 × 10 5 cells/well. Cells were then transiently transfected with the indicated constructs using TransIT-LT1, transferred onto coverslips coated with 0.1 mg/ml poly-L-lysine (Sigma-Aldrich) on the following day, and further grown overnight. Cells were fixed with 4% paraformaldehyde in PBS, permeabilized with 0.1% Triton X-100, and blocked with 0.1% Triton X-100 in PBS containing 5% nonfat dry milk. Cells were then incubated with primary antibodies diluted in blocking solution for 60 min, washed twice with PBS, blocked again with 0.1% Triton X-100 in PBS containing 5% non-fat dry milk, and incubated with the appropriate secondary antibodies diluted in blocking solution. The cells were washed three times with PBS, and the coverslips were mounted using ProLong Gold antifade reagent. Confocal microscopy was performed at room temperature using a laser-scanning confocal microscope (FV1000; Olympus, Richmond Hill, ON, Canada) coupled to an inverted microscope with a Plan Apochromat 63× oil immersion objective lens, NA 1.42 (Olympus). Following acquisition, images were pseudocolored using the FV10-ASW 2.0.1.0 viewer software (Olympus).
Measurement of cell-surface receptor expression
Quantification of cell-surface receptor expression was performed by ELISA as previously described (Binda et al., 2014) . HEK293 cells were plated at 4.5 × 10 5 cells/well in 24-well plates pretreated with 0.1 mg/ml poly-L-lysine. After 24 h, cells were transfected with the indicated constructs using TransIT-LT1 and grown for an additional 48 h. Cells were then fixed in 3.7% formaldehyde/TBS (20 mM Tris, 150 mM NaCl, pH 7.5) and washed twice with TBS. Nonspecific binding was blocked with TBS containing 1% BSA for 20 min. A monoclonal FlagM2-specific antibody was then added at a dilution of 1:1000 in 1% TBS-BSA for 60 min. Following the incubation, cells were washed three times and blocked again with 1% TBS-BSA for 15 min. Cells were then incubated with an alkaline phosphatase-conjugated goat antimouse antibody at a dilution of 1:10,000 in 1% TBS-BSA for 60 min. The cells were then washed three times, and 250 μl of a colorimetric alkaline phosphatase substrate was added. The plates were incubated at 37°C for 30 min followed by the addition of 250 μl of NaOH (0.4 M) to stop the reaction. A 200-μl aliquot of the colorimetric reaction was collected, and the absorbance was measured at 405 nm using a spectrophotometer (Titertek Multiskan MCC/340; Labsystems).
Measurement of constitutive internalization
Quantification of constitutive internalization was carried out as we described before (Parent et al., 1999) with some modifications. Briefly, HEK293 cells were plated in 6-well plates at a density of 6 × 10 4 cells/ well directly on coverslips previously coated with 0.1 mg/ml poly-L-lysine and transfected with Flag-DOPr, Flag-DOPr K166A or Flag-DOPr K250A-K252A using TransIT-LT1. After 48 h, cells were pre-incubated at 16°C for 5 min in DMEM supplemented with 0.5% bovine serum albumin (BSA) and then incubated with the rabbit polyclonal anti-Flag antibody (1:500 dilution) for 1 h at 16°C. When indicated, cells were incubated at 37°C for another 1 h to allow constitutive internalization of the receptors. Subsequently, cells were fixed with 3.7% formaldehyde/PBS for 15 min at room temperature, washed 3 times with PBS and permeabilized with 0.1% Triton X-100/PBS for 20 min at room temperature. Nonspecific binding was blocked with 0.1% Triton X-100/PBS containing 0.5% BSA for 30 min at room temperature. Alexa Fluor 488 goat anti-rabbit was added at a dilution of 1:200 in the blocking solution for 1 h at room temperature. Cells were then washed twice with 0.1% Triton X-100/PBS, 3 times with PBS and mounted using ProLong Gold antifade reagent. Confocal microscopy was performed at room temperature using a laser-scanning confocal microscope (FV1000; Olympus) coupled to an inverted microscope with a Plan Apochromat 63× oil immersion objective lens, NA 1.42 (Olympus). Following acquisition, images were pseudocolored using the FV10-ASW 2.0.1.0 viewer software (Olympus). Quantification was performed using NIH ImageJ 1.50i and the UCSD confocal microscopy plugin.
DsiRNA assays
The synthetic oligonucleotides targeting the human COPB1 gene (HSC.RNAI.N001144061.12.1 for DsiRNA #1 and HSC.RNAI.N001144061. 12.5 for DsiRNA #2) were purchased from Integrated DNA Technologies (Coralville, Iowa, USA). The negative control DsiRNA was also purchased from Integrated DNA Technologies. HEK293 cells transiently expressing Flag-DOPr were transfected with 50 nM oligonucleotides using the Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. The experiment was performed 72 h after transfection. Downregulation of β-COP by the DsiRNAs was determined by densitometry using NIH ImageJ 1.50i.
Results
Identification of multiple subunits of the COPI protein complex as putative DOPr interaction partners
To identify novel interacting proteins potentially involved in the intracellular retention of DOPr, we performed LC-MS/MS analysis of the proteins co-immunoprecipitating with DOPr. Flag-DOPr was immunoprecipitated from HEK293 cells transiently transfected with either Flag-DOPr or pcDNA3 using anti-FlagM2 monoclonal antibodies coupled to magnetic beads. A total of 1810 specific proteins were identified in the immunoprecipitate from Flag-DOPr HEK293 cells. Here, a protein was considered specific when both the peptide count and the peptide intensity values for Flag-DOPr HEK293 cells were higher than the values in pcDNA3-transfected cells. Among the proteins specifically enriched in the Flag-DOPr HEK293 immunoprecipitate, six subunits of the COPI protein complex were detected, namely α-COP, β-COP, β′-COP, δ-COP, ε-COP, as well as γ1-and γ2-COP (Table 2) . Although ζ-COP was also identified, per the criteria stated above, its presence in the Flag-DOPr HEK293 cells immunoprecipitate was considered nonspecific. It is worth noting that two of four subunits of the COPII protein complex have also been detected in our analysis, namely Sec24A and Sec24B (Table 2) .
Colocalization of the COPI protein subunit β-COP with DOPr
We first aimed to confirm that DOPr colocalized with the COPI protein complex. To this end, we focused our efforts on β-COP as this subunit of the COPI protein complex is among the best characterized and because reliable antibodies against this protein have been developed. As shown in Fig. 1 , confocal microscopy imaging revealed that Flag-DOPr was mostly detected in intracellular compartments, where it showed partial colocalization with β-COP. The precise subcellular compartment where DOPr and β-COP interact Fig. 1 . Colocalization of β-COP and Flag-DOPr in HEK293 cells. HEK293 cells were transiently transfected with a pcDNA3-Flag-DOPr construct. The cells were then fixed and prepared for confocal microscopy as described in the "Methods" section. A. DOPr was visualized using a Flag-specific monoclonal antibody and an Alexa Fluor 488-conjugated anti-mouse IgG antibody (green). B. The endogenous β-COP was detected using a β-COP-specific polyclonal antibody and an Alexa Fluor 546-conjugated anti-rabbit IgG (red). C. An overlay of staining patterns of green-labeled DOPr and red-labeled β-COP is shown (merge). Blue color shows nucleus staining with DAPI. Inserts show a high magnification of the identified region. Scale bar, 10 μm. 
Subunits of COPI and COPII protein complexes identified by mass spectrometry following Flag-DOPr immunoprecipitation in HEK293 cells transfected with pcDNA3 or Flag-DOPr are shown. Note that only subunits considered as specific are listed (See the "Methods" section for more details). Percentage of coverage indicates the percentage of total amino acid sequence covered by peptides identified through mass spectrometry.
was further investigated using Golgi and ER markers. As illustrated in Fig. 2 , the β-COP labeling was mainly found colocalizing with the cis-Golgi matrix protein GM130 (Fig. 2B) . By contrast, very low level of β-COP labeling was observed colocalizing with the ER resident enzyme protein disulfide isomerase (PDI; Fig. 2A ). As expected, Flag-DOPr revealed a preferential colocalization with the cis-Golgi marker (Fig. 2D) . Interestingly, DOPr was also found to colocalize with the ER marker PDI in discrete locations (Fig. 2C) . These observations support the likelihood that Flag-DOPr and β-COP can form a complex within the cis-Golgi from where DOPr would be transported back to the ER.
β-COP and β′-COP interact with Flag-DOPr
We immunoprecipitated Flag-DOPr using the anti-FlagM2 antibody from lysates of HEK293 cells co-expressing Flag-DOPr and β-COP-Myc and analyzed the immunoprecipitates by Western blot. As shown in Fig. 3A , β-COP-Myc was successfully co-immunoprecipitated with Flag-DOPr. In the absence of Flag-DOPr, β-COP-Myc was not immunoprecipitated with the anti-Flag antibody supporting a specific interaction between Flag-DOPr and β-COP-Myc. To further ascertain the interaction between Flag-DOPr and the COPI protein complex, the same approach was used to measure the interaction between DOPr Fig. 2 . Colocalization of β-COP and Flag-DOPr with Golgi and ER markers in HEK293 cells. HEK293 cells were transiently transfected with a pcDNA3-Flag-DOPr construct. The cells were then fixed and prepared for confocal microscopy as described in the "Methods" section. β-COP was detected using a β-COP-specific polyclonal antibody and an Alexa Fluor 633 goat anti-rabbit IgG (red; A, B). PDI was detected using a PDI-specific mouse monoclonal antibody and an Alexa Fluor 488-conjugated anti-mouse IgG antibody (green; A, C). GM130 was detected using a GM130-specific mouse monoclonal antibody and an Alexa Fluor 488-conjugated anti-mouse IgG antibody (green; B, D). Flag-DOPr was visualized using a Flag-specific rabbit polyclonal antibody and an Alexa Fluor 633-conjugated anti-rabbit IgG antibody (red; C, D). Overlays of staining patterns of red-labeled β-COP and green-labeled PDI or GM130 are shown (merge; A, B). Similarly, overlays of staining patterns of red-labeled Flag-DOP and green-labeled PDI or GM130 are shown (merge; C, D). Inserts show a high magnification of the identified region. Scale bar, 10 μm.
and β′-COP-HA. As shown in Fig. 3B , β′-COP-HA was also found to coimmunoprecipitate with Flag-DOPr, further supporting an interaction between Flag-DOPr and the COPI protein complex.
Regulation of DOPr cell surface expression by putative intracellular loops COPI binding motifs
Together, the three intracellular loops (ICLs) and the C-term tail of DOPr contain 13 putative COPI binding motifs (Fig. 4) . As described by Ma & Goldberg, COPI binding motifs are characterized by the presence of di-lysine (KxK), di-arginine (RxR), and lysine/arginine (RxK or KxR) motifs (Ma and Goldberg, 2013) . To determine whether these COPI binding motifs play a role in the regulation of DOPr cell-surface expression, we generated various alanine mutants of the three ICLs of FlagDOPr. As shown in Fig. 5A , the mutation of the di-lysine COPI binding sites K164-K166 and K250-K252 to K166A and K250A-K252A significantly increased the cell-surface expression of Flag-DOPr by 154.5 ± 14.8% and 144.5 ± 4.7% over that of the wild-type receptor, respectively (****, p b 0.001; ***, p b 0.01 using one-way ANOVA with Dunnett's multiple comparison test). Mutations within the other putative COPI binding motifs had no significant effect on the level of cell-surface expression of Flag-DOPr (Fig. 5A) . It is worth noting that mutants of the C-term tail have also been generated. However, given that our preliminary results indicated that these mutants were not interfering with the cell surface expression of DOPr (not shown), we have decided to further focus only on ICLs 2 and 3.
Because a qualitative Western blot analysis revealed no difference in the total level of expression of the Flag-DOPr mutants when Fig. 4 . Localization of the putative COPI di-basic binding sites within the intracellular segments of DOPr. The amino acid residues forming the 13 putative COPI binding sites are shown in grey. Note that only the putative motifs within the intracellular segments of DOPr are shown. Fig. 3 . β-COP and β′-COP interact with Flag-DOPr. HEK293 cells were transiently transfected with Flag-DOPr and (A) β-COP-Myc or (B) β′-COP-HA. Immunoprecipitation (IP) of the receptor was performed using a Flag-specific mouse monoclonal antibody, and Western blotting (IB; immunoblotting) was performed with a Flag-specific rabbit polyclonal antibody, a Myc-specific rabbit polyclonal antibody, or a HA-specific rat monoclonal antibody. Numbers on the left side of the immunoblots represent molecular weight markers (expressed in kDa).
compared to the wild-type receptor (Fig. 5B) , we hypothesized that these changes are likely due to modifications in the trafficking of DOPr to the cell surface. Admittedly, the net level of DOPr expressed at the cell surface can be influenced both by exocytosis and endocytosis. To investigate whether or not the mutation of DOPr interferes with its endocytosis, we measured the constitutive internalization of Flag-DOPr, as well as of its K166A and K250A-K252A mutants. As shown in Fig. 6A and B, the constitutive internalization of both mutant receptors was found to be similar to the wild type receptor (p N 0.05 using one-way ANOVA with Dunnett's multiple comparison test).
To confirm a role for the COPI complex in regulating the plasma membrane expression of DOPr, we next measured the cell-surface expression of wild-type Flag-DOPr in cells treated with one of two different DsiRNAs against β-COP (DsiRNA #1 and DsiRNA #2) or with a control DsiRNA (DsiRNA Ctrl). In our assays, DsiRNA #1 and DsiRNA #2 significantly decreased the level of β-COP by 49.9 ± 3.8% and 44.9 ± 7.4% (p b 0.01 using one-way ANOVA with Dunnett's multiple comparison test). As shown in Fig. 5C , downregulation of β-COP expression with DsiRNA #2 (DsiRNA #2 WT) was sufficient to increase the level of cell-surface Flag-DOPr (179.5 ± 24.0% increase compared to DsiRNA Ctrl WT; **, p b 0.01 using one-way ANOVA followed by Tukey's multiple comparison test). Although a trend was observed, the increase in the level of cell-surface expression of Flag-DOPr produced by DsiRNA #1 (DsiRNA#1 WT) failed to reach significance (144.9 ± 19.0% increase compared to DsiRNA Ctrl WT; p = 0.12 using one-way ANOVA followed by Tukey's multiple comparison test). Given that we had previously demonstrated the importance of DOPr's ICL2 in modulating the DOPrmediated analgesic effects , we further investigated the involvement of the di-lysine COPI binding site K164-K166. More specifically, we evaluated whether the downregulation of β-COP further increased the cell-surface level of the Flag-DOPr K166A mutant. To begin, we confirmed that treatment with a control DsiRNA (DsiRNA Ctrl) had no effect on the increased cell-surface expression of the K166A mutant. Indeed, the Flag-DOPr K166A mutant (DsiRNA Ctrl K166A) had a higher level of cell-surface expression than the wildtype Flag-DOPr ( Fig. 5C ; 145.5 ± 14.0% increase compared to DsiRNA Ctrl WT; *, p b 0.05 using one-way ANOVA followed by Tukey's multiple comparison test). Interestingly, the downregulation of β-COP with either DsiRNA #1 or #2 failed to further increase the cell-surface expression of the Flag-DOPr K166A mutant (141.2 ± 5.5% and 172.9 ± 8.2% for DsiRNA #1 K166A and DsiRNA #2 K166A, respectively, compared with 145.5 ± 14.0% DsiRNA Ctrl K166A; one-way ANOVA with Tukey's multiple comparisons test). The ability of DsiRNA #1 or #2 to downregulate the endogenous β-COP expression is shown in Fig. 5D .
β-COP interacts with DOPr ICL2 and ICL3
To further characterize the interaction between COPI and DOPr, we performed GST pulldown assays using purified DOPr ICL2 and ICL3 coupled to GST. Using HEK293 cell lysates as a source of endogenous COPI protein subunits, we observed that GST-DOPr ICL2 and GST-DOPr ICL3 both efficiently pulled down β-COP (Fig. 7A) , supporting a role for an interaction between these intracellular loops and the COPI protein complex in the intracellular retention of DOPr. Indeed, the level of β-COP pulled down with GST-ICL2 and GST-ICL3 was respectively 7.1 ± 1.4-fold and 6.6 ± 1.7-fold higher than the control condition (p b 0.05 using one-way ANOVA with Dunnett's multiple comparison test). In the context of these experiments, it is worth mentioning that β-COP was used to monitor the interaction of the COPI protein complex with GST-ICL2 and GST-ICL3 rather than a direct measurement of β-COP binding to these segments.
As shown in Fig. 7B , β-COP pulldown is greatly reduced, virtually down to background levels (compared to the GST control lane), when the GST-DOPr ICL2 bears either the K164A (90.3 ± 3.2%; p b 0.001 using one-way ANOVA with Dunnett's multiple comparison test) or the K166A mutation (95.1 ± 4.0%; p b 0.001 using one-way ANOVA with Dunnett's multiple comparison test). As expected, the double mutant K164A-K166A GST-DOPr ICL2 also showed reduced binding to COPI, as revealed by a decrease in the pulldown of β-COP (the β-COP signal was reduced by 106.1 ± 5.1%; p b 0.001 using one-way ANOVA with Dunnett's multiple comparison test). Because the K164-K166 dilysine site is the only di-lysine motif present in the DOPr ICL2, this site is likely responsible for the interaction of this intracellular loop with the COPI protein complex. Similarly, a slight but nonsignificant decreased amount of β-COP was pulled down with the GST-DOPr ICL3 R241A (37.8% ± 7.7%; p N 0.05 using one-way ANOVA with Dunnett's multiple comparison test) or R257A-R258A mutants (22.6 ± 18.8%; p N 0.05 using one-way ANOVA with Dunnett's multiple comparison test) compared to the wild-type GST-DOPr ICL3 (Fig. 7C) . Surprisingly, a 2.9 ± 0.5-fold increase in the interaction was observed with the GST-DOPr ICL3 K250A-K252A mutant (p b 0.01 using one-way ANOVA with Dunnett's multiple comparison test when compared to GST-DOP ICL3). The triple mutant in which all putative COPI binding motifs have been mutated was not able to interact with β-COP.
Discussion
Unlike most G protein-coupled receptors (GPCRs), the delta opioid receptor (DOPr) is poorly expressed at the cell surface. Following its synthesis, DOPr is known to be mainly retained intracellularly before being targeted to the degradation pathway (for reviews, see (Gendron et al., , 2016 . Indeed, only a small proportion of synthesized DOPr reaches the plasma membrane, at least under normal conditions. Among other mechanisms, misfolding may explain why DOPr is retained intracellularly, through glycan-mediated quality control (Petaja-Repo et al., 2000 , 2001 , 2002 Leskela et al., 2007) . In the present study, we describe an interaction between DOPr and the coatomer protein complex I (COPI). To our knowledge, we are the first to demonstrate a role for a di-lysine COPI binding motifs outside of the carboxyterminal (C-term) tail in the trafficking of a GPCR. Indeed, we describe here the involvement of di-lysine COPI binding motifs within intracellular loops (ICLs) 2 and 3 of DOPr in the regulation of cell-surface expression of this receptor. Our results suggest that these di-lysine binding sites interact with the COPI protein complex to promote the retention of DOPr in the endoplasmic reticulum (ER) and the Golgi.
We have previously shown that under certain circumstances, the density of DOPr expressed at the cell surface can be augmented, an effect that is accompanied by increased analgesic effects of DOPr agonists (Cahill et al., 2001b Morinville et al., 2004; Gendron et al., 2006 Gendron et al., , 2007 . Although roles for various proteins have been described, the molecular mechanisms regulating the trafficking of DOPr toward the cell surface remain poorly understood (for a review, see (Gendron et al., 2016) . To identify proteins involved in this process, we over-expressed the rat Flag-DOPr in HEK293 cells and performed LC-MS/MS analysis of the proteins co-immunoprecipitating with Flag-DOPr. Among the specific proteins identified, six subunits of the COPI protein complex were present, namely α, β, β′, δ, ε, as well as γ (subunits 1 and 2). The enrichment of these COPI subunits with DOPr suggests that the complex specifically interacts with DOPr and possibly controls its sorting to the cell surface (Ma and Goldberg, 2013) .
COPI is a heptameric protein complex that coats vesicles involved in the retrograde transport of proteins from the cis-Golgi back to the rough ER (Popoff et al., 2011; Jackson, 2014) . We first confirmed that DOPr colocalized with COPI. To this end, we immunolabeled Flag-DOPr and the beta subunit of COPI, namely β-COP, in HEK293 cells. Flag-DOPr immunolabeling was found in a perinuclear structure, partially overlapping with the β-COP signal. A further investigation revealed that both Flag-DOPr and β-COP mainly colocalized with the cis-Golgi matrix protein GM130. Interestingly, Flag-DOPr was also observed in discrete, punctate-like structures labeled with the enzyme protein disulfide isomerase (PDI). The latter suggests that DOPr is also present in the ER. In transfected cells, DOPr was previously found to be located in the ER (Petaja-Repo et al., 2000 , 2002 where it interacts with calnexin and SERCA2b as well as in the Golgi (Decaillot et al., 2008) . We and others have also shown that DOPr is mainly expressed inside neurons in the nervous system of rats and mice (Cahill et al., 2001a (Cahill et al., , 2001b Lucido et al., 2005; Gendron et al., 2006 Gendron et al., , 2007 . Our results therefore support the latter observations and further suggest that COPI interacts with DOPr to promote its transport from the Golgi to the ER. Indeed, we found that when Myc-tagged β-COP or HAtagged β′-COP were over-expressed in transfected HEK293 cells, they co-immunoprecipitate with Flag-DOPr.
The COPI protein complex binds di-lysine and lysine/arginine motifs present in the C-term tails of membrane proteins (Ma and Goldberg, 2013) . COPI has also been shown to recognize di-arginine motifs in a variety of proteins (Zerangue et al., 1999; Boyd et al., 2003; Nasu-Nishimura et al., 2006; Michelsen et al., 2007) , including the kappa opioid receptor (Li et al., 2012) . As opposed to the di-lysine motifs, the di-arginine signals interacting with COPI are not necessarily confined to the extreme carboxyl terminus but can be found within any intracellular segments of membrane proteins (Ma and Goldberg, 2013) .
To identify the putative sites of interaction of COPI with DOPr, an analysis of the primary amino acid sequence of the receptor was performed. Because it has recently been shown that a lysine-rich domain close to the plasma membrane in the carboxy-terminal tail of the angiotensin type 1 (AT1) receptor also can bind directly to β-COP (Zhu et al., 2015) , we decided to extend our analysis to all di-lysine, lysine/arginine, and di-arginine motifs present within the intracellular segments of DOPr. The rationale for performing a thorough analysis of the entire DOPr sequence was further supported by a recent report demonstrating that lysine residues of the AT1 receptor can be successfully replaced by arginine residues without a phenotypic change in cell-surface expression of the receptor (Zhu et al., 2015) . Such an analysis revealed the presence of 13 consensus di-lysine, lysine/arginine, and di-arginine COPI binding sites distributed within the three ICLs as well as in the Cterm tail of DOPr.
Using PCR-directed mutagenesis, we generated mutants for all COPI binding motifs of the three ICLs as well as of the C-term tail of DOPr. Interestingly, cell-surface ELISA revealed that only the K166A and K250A-K252A DOPr di-lysine mutants effectively increased cell-surface DOPr expression. Given that the K166A and K250A-K252A mutations did not alter DOPr constitutive internalization, we conclude that the increased cell-surface expression of DOPr is most likely the consequence of a more efficient export process. These observations support an involvement of the K 164 xK 166 and K 250 xK 252 consensus COPI binding sites -respectively located within ICL2 and ICL3 of DOPr -for the intracellular retention of DOPr. In fact, we further showed that decreasing the level of β-COP with a β-COP DsiRNA was sufficient to increase the cell-surface expression of DOPr. It is worth noting that Western blot analysis revealed no change in receptor levels when the wild-type receptor, the K166A or the K250A-K252A mutant receptors were expressed, further supporting that the increase in cell-surface DOPr results from a more efficient escape from the ER rather than a global increase in the expression of the mutant receptors.
To confirm the ability of ICL2 and ICL3 to bind COPI, we engineered amino acid sequences mimicking each ICL of DOPr coupled to GST at their amino termini. Using GST pulldown assays and looking at β-COP interaction, we first confirmed that ICL2 and ICL3 of DOPr were able to interact with COPI. Then, we used ICL2 and ICL3 constructs in which lysine and arginine residues of the COPI binding motifs had been replaced with alanine residues. Our results confirmed that β-COP interacts, either directly or via a protein complex, with both ICL2 and ICL3 of the receptor. For ICL2, the binding occurs through the K164-K166 di-lysine motif because the K164A, K166A, and K164A-K166A double mutants all have reduced ability to pull down β-COP. Surprisingly, for ICL3, the level of β-COP binding was consistently found to be higher with the K250A- Fig. 7 . β-COP interacts with ICL2 and ICL3 of DOPr through di-basic motifs. A. Pulldown assays with HEK293 cell lysates were performed using purified glutathione-Sepharose-bound GSTDOPr intracellular loops 2 and 3 (GST-DOPr ICL2 and ICL3, respectively). B. Pulldown assays were performed using purified glutathione-Sepharose-bound GST-DOPr ICL2 and ICL2 mutants. C. Pulldown assays were performed using purified glutathione-Sepharose-bound GST-DOPr ICL3 and ICL3 mutants. The presence of endogenous β-COP and GST fusion proteins in the binding reactions was determined by Western blot (IB) using a β-COP-specific polyclonal antibody and an anti-GST antibody, respectively. The Western blots shown are representative of at least three independent experiments. Numbers on the left side of the immunoblots represent molecular weight markers (expressed in kDa).
K252A mutant than with the wild-type sequence. This observation contrasts with the finding that the K250A-K252A mutant displays a higher level of membrane expression than the wild-type receptor. As opposed to the ICL2, the ICL3 contains multiple putative COPI binding motifs. Admittedly, ICL-mimicking peptides used in GST-pulldown assays are not a perfect representation of a full receptor and its intracellular segments. Indeed, ICLs are expected to have a more rigid conformation when they are constrained between two transmembrane domains than in a GST-ICL construct in which their extremities are not anchored in the membrane. Furthermore, when the receptor is folded and post-translationally modified, such motifs may not all be available to bind proteins of the COPI complex. We speculate that due to their proximity, the COPI binding motifs of the ICL3 may not all be able to bind the COPI protein complex at the same time. The K250-K252 motif is located in the middle of the ICL3, surrounded by two di-arginine motifs at its amino terminus and four at its carboxyl terminus. Therefore, we can speculate that the mutation K250A-K252A, by its inability to bind COPI, decreases the steric hindrance surrounding the other diarginine motifs and consequently increases their ability to bind proteins of the COPI complex. Because the latter are located at a certain distance from each other, it is possible that the K250A-K252A mutant could recruit two COPI protein complexes (or at least some of its subunits) rather than only one for the wild-type sequence. The fact that a triple mutation is necessary to completely abolish the binding of β-COP to ICL3 in the GST pulldown assay supports this hypothesis. Nonetheless, in the full-length receptor, only the K250A-K252A mutant interferes with the receptor localization suggesting that within the ICL3, only this motif interacts with COPI to control its export to the plasma membrane.
Altogether, our observations support the idea that the cell-surface expression of DOPr is affected by its interaction with the COPI protein complex. It is therefore fair to hypothesize that the interaction of DOPr with COPI may contribute to the retention of the receptor at intracellular locations such as the Golgi and the ER.
The COPI protein retrieval process is responsible for the ER localization of ER-resident proteins via recognition of an arginine-and lysine-rich sequence or a KDEL sequence (Michelsen et al., 2005) . It also acts as a quality control step in the assembly of heteromultimers such as the inward rectifier potassium (K ir ) channel subunits by recognition of arginine motifs. For the K ir channel, such a process allows only completely assembled channels to reach the cell surface (Zerangue et al., 1999) . We can envision the interaction between DOPr and COPI as a quality control step in which COPI vesicles retrieve DOPr from the Golgi to the ER when it is not correctly assembled or folded. Dimerization with other receptors such as the mu opioid receptor could help DOPr to escape the Golgi (Decaillot et al., 2008) in a mechanism resembling that involved in the PAR2/ PAR4 dimer (Cunningham et al., 2012) . Interactions with nonreceptor proteins such as the heterotrimeric G proteins or the protein 14-3-3 or post-translational modifications of DOPr could also provide alternative mechanisms for promoting the escape from the Golgi . In fact, a close analysis of the amino acid sequence of the ICL2 of DOPr reveals that the di-lysine motif K164-K166 is part of the consensus phosphorylation motif of cyclin-dependent kinase 5 (cdk5) (Xie et al., 2009 ). Phosphorylation of DOPr on T161 was recently shown to be involved in the regulation of the receptor. Indeed, we and others have shown that inhibition of DOPr phosphorylation on T161 reduced the cell-surface expression of DOPr (Xie et al., 2009 ) and impaired the analgesic efficacy of DOPr agonists . Whether or not there is a link between the phosphorylation of T161 and the ability of DOPr to interact with COPI remains to be investigated.
In conclusion, the current study reveals that the di-lysine COPI binding motifs present in the ICL2 and ICL3 of DOPr are involved in the binding of COPI and likely participate in the ER retention of DOPr. Whether DOPr retrieval into COPI vesicles is part of a normal receptor export process or of its maturation through the ER and Golgi, however, remains unknown.
